Evolution of Secondary Electron Emission
Characteristics of Spacecraft Surfaces
R.E. Davies* and J.R. Dennison†
Utah State University
Logan, Utah, 84322-4415
1

Introduction
Secondary electron emission (SEE)i.e., the ejection of low-energy (≤ 50 eV) electrons
from surfaces as a result of energetic electron bombardmentis a key process in the electrical
charging of spacecraft operating in a wide range of orbital regimes.1 While severe charging is
most often associated with spacecraft operating at geosychronous altitudes, greater-than-kilovolt
events have also been reported aboard polar orbiting spacecraft as low as 800 km, and SEE has
been identified as one of the dominant mechanisms underlying these events.2 Myriad
operational anomalies—ranging in severity from minor component disruptions, to temporary loss
of vehicle control, to, in at least two very expensive instances, the complete loss of an entire
spacecraft—are well-documented consequences of the differential charging of spacecraft
components3 and of obvious concern to spacecraft designers and controllers. Spacecraft
charging models, such as NASA's NASCAP, NASCAP/LEO, and POLAR codes, have been
developed to predict charging levels that a given spacecraft may experience based on its
geometry, orbit, and the various materials used in its construction.3 Critical to the accuracy of
these models are estimations of secondary electron (SE) yields (i.e., the numbers of SE's emitted
per incident primary electron) for given surfaces under varying conditions of energetic electron
bombardment.1 SE yields are functions of both material and incident electron energy, and the
charging codes incorporate these dependencies via empirically derived SEE models—models
requiring, as inputs, experimentally determined yield-vs.-energy curves for a variety of
spacecraft materials.3 Not presently incorporated into the charging codes, however, are the
constantly evolving surface conditions aboard vehicles operating in the space environment, and
the effects of such surface evolution on the production of SE's. (These changes result from the
continuous removal and addition of surface contaminants as a result of energetic electron, ion,
and photon and atomic oxygen bombardment).
Since SEE is primarily a surface phenomenon, SE yields are extremely sensitive to the
presence of surface contaminants such as oxide layers and carbon films. From an SEE
standpoint, then, the addition or removal of surface contaminants effectively changes the
material, resulting in a (sometimes drastically) changing yield-vs.-energy curve. Therefore, as a
spacecraft's surfaces evolve, so too do its SEE characteristics and, consequently, its susceptibility
to significant charging in a given environment. While this fact has been appreciated qualitatively
for a number of years,3 the importance of surface conditions and the dynamic evolution of the
surface to charging levels has remained largely uninvestigated, and therefore unavailable for
incorporation into the charging codes.
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The purpose of our investigation, therefore, is twofold: (i) SEE characterization of
(conducting) spacecraft materials, subject to varying degrees and types of surface contamination
to which operating spacecraft might realistically be subjected, and (ii) investigation of the
dynamic evolution of SE yields resulting from energetic electron and ion bombardment of
surfaces within a rarefied atmosphere representative of the microenvironment surrounding space
vehicles—a region typically contaminated with the by-products of maneuvering thrusters and by
the outgassing of non-vacuum-compatible materials on and within the spacecraft. This Note
reports experimental results which indicate that contamination and surface dynamics experienced
by operating spacecraft may well lead to significant, even drastic, changes in the SEE
characteristics of their
surfaces.
These changes may, in turn, lead to significant
underestimations of the charging levels to which a particular vehicle may be subject under a
variety of environmental conditions.1
Experimental Methods
Our apparatus allows for the placement of conducting samples into an ultra-high vacuum
(UHV) environment, where they are bombarded by energetic (1–5 keV) electrons. Initial
contamination of the sample (surface) can be accomplished by surface treatment prior to
chamber insertion. Contamination of the vacuum—eventually leading to further contamination
of the sample surface through physical or chemical adsorption—can be achieved either by
introducing high vapor-pressure materials into the system which will outgas in a UHV
environment, or by means of a gas handling system, capable of introducing controlled amounts
of contaminant gases . A thorough description of the apparatus and methods employed is
presented in Ref. 4.
For the work reported in this Note, a sample of high-purity (4N) polycrystalline aluminum
was mechanically polished with 0.3 µm alumina powder and cleaned ultrasonically prior to its
insertion into a UHV chamber, creating a thin (≤ ~0.1 µm), smooth aluminum oxide surface
reasonably free of bulk surface contaminants. Once inside the vacuum (base pressure ≤ ~10–10
Torr), the sample and chamber were baked at 100° C for ~12 hours. Operating pressures inside
the vacuum remained at ~10–9 Torr and the sample was at room temperature throughout the
course of the measurements. The sample was not ion sputtered. Mu-metal shielding surrounding
the sample and detection apparatus reduced the ambient magnetic field strength to ~20 mG.
Contamination of the vacuum resulted from the outgasing of a small piece of PTFE (Teflon)coated wire, placed inside the chamber near the sample. A 200 amu quadrupole mass
spectrometer was used for thermal desorption measurements and to monitor residual gas
composition. In this contaminated environment, the Al sample was bombarded with 1–3 keV
electrons (produced by a standard Pierce-type electron gun with a tungsten filament) for
extended periods (up to 31 hours) and the resulting SE yields monitored as a function of time.
The electron beam current density remained stable at ~10–3 A·cm–2. Determination of the SE
yields was accomplished via measurement of the net electric current reaching the sample with
the sample biased alternately to 0 V and +50 V (details of our measurement technique are given
in Ref. 4). Results at 2 keV incident energy, which are representative of repeated trials over an
energy range of 1.0 keV to 3.0 keV, are presented in Fig. 1. (The size of the circles in the figure
is commensurate with the uncertainty in the measurements. Different trials were accomplished
by relocating the beamspot on the same sample; reproduction of this experiment on different Al
samples has not yet been attempted.)
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Preliminary Results
Depicted in Fig. 1(a) is a 2.3-fold monatonic decrease in the SE yield, δ, over a 31-hour
period of continuous (2 keV) electron bombardment. Discernible in the data are two general
regions of dynamic behavior—labeled Regions I and II in Fig 1(b)—which exhibit different time
scales over which changes in δ are occurring. These results, combined with ancillary
measurements described below, suggest the nature of the physical effects leading to the observed
evolution of δ and provide for some measure of quantification of these effects.
The rapid 30% decrease in δ in Region I of Fig. 1(b) is likely the result of electron-beaminduced removal from the surface of (i) weakly-bound adsorbed contaminants [Region I-A in
Fig. 1(c), occurring on a time scale of seconds], and (ii) more tightly-bound adsorbed
contaminants (Region I-B, occurring on a time scale of minutes). This phenomenon—known as
electron stimulated desorption (ESD)—is a well-documented result of the energetic electron
bombardment of surfaces,6 especially familiar to Auger spectroscopists. Residual gas analysis of
the chamber atmosphere during this time interval revealed an increased presence (an
approximate doubling) of O, O2, CO, and CO2 in the chamber atmosphere, consistent with oxide
removal due to ESD. Smith7 has studied the specific case of 3 keV electrons incident on
oxidized Al, and his results are consistent with ours (i.e., the complete desorption of an oxide
layer with a comparable current density and on a similar time scale), corroborating the ESD
hypothesis. (Note: There is a possibility that some or all of the drop in δtot(t) in Region I-A in
Fig. 1 may be due to charging of the oxide layer rather than the dissociation of physisorbed
contaminants. Negative charging of the oxide layer could account for a slight rise in the
backscattered yield, η, coincident with the decrease in δ in the first twelve minutes of the trial.
Close examination of the data, however, shows the specific current measurements at 0 V and +50
V to be inconsistent with a charging hypothesis, as noted in Ref. 4.)
The continued drop in δ in Region II following the (presumably) near-complete desorption
of the surface contaminants is the result of another well-known electron beam effect—the
deposition of disordered carbon, familiar in particular to electron microscopists.8 An example of
a process known as electron stimulated adsorption (ESA), the build-up of carbon contamination
results from the cracking of hydrocarbons (deposited on the surface by the residual gas) by the
incident energetic electrons.9 Visual inspection, energy dispersive x-ray (EDX) analysis, and xray photoemission spectroscopy (XPS) analysis of the sample following its prolonged exposure
to the electron beam (and subsequent removal from the UHV chamber) confirmed the deposition
of a thin (~1 nm) carbon film at the beamspot location, and a reduction in the amount of oxygen
in the film.4 For a 1 nm thick film deposited over 31 hours, the average deposition rate is seen to
be ~0.03 nm hr-1, or ~0.8 nm per day.
The above physical interpretation is well modeled with a three-exponential fit to the data of
the form
δtot(t) = Ae-αt + Be-βt + δAle-γt + δC(1–e-γt),

(1)

shown in Fig. 1. The terms on the right hand side of this relation are interpreted as the
contributions to the total (time-dependent) SE yield, δtot(t), from the weakly-bound contaminants
[Ae-αt], the strongly-bound contaminants [Be-βt], the bulk aluminum [δAle-γt], and the deposited
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amorphous carbon film [δC(1–e-γt)]. The constants δAl and δC represent the SE yields for clean
(i.e., unoxidized) bulk Al and bulk disordered carbon, respectively, A and B model the SE yields
and initial (t=0) fractional coverages of the weakly-bound and strongly-bound adsorbed species,
respectively, and α, β, and γ are time constants describing the periods required for desorption of
the weakly-bound species, desorption of the strongly-bound species, and deposition of the carbon
layer, respectively. Values for each of these constants, as determined by the fit, are given in
Table I and appear reasonable. Specifically, (i) the value for δAl of 0.37 is in fair agreement with
that of 0.43 reported by Thomas and Pattinson11 for 2.0 keV electrons incident on clean Al; (ii)
the value of 0.25 for δC is in excellent agreement with a value of 0.27 for soot;13 and (iii) values
for the time constants are consistent with results reported in Refs. 8 and 9. [Note: In addition to
the three-exponential fit given by Eq. (1), two-exponential and four-exponential fits were also
attempted. Reduced χ2 analysis, using a least-squares sum divided by the number of degrees of
freedon, was used to evaluate the relative success of each of these model functions. The threeexponential fit (seven parameters) given by Eq. (1) provided the best fit, with a reduced χ2 value
of 0.348. A two-exponential fit (five parameters) increased the reduced χ2 by ~250%, giving a
much poorer fit to the data in all time regimes. A four-exponential fit (nine parameters)
decreased the reduced χ2 by ~30% compared with Eq, (1); however, overparameterization of the
data resulted in unacceptably large dependencies (90% to 100%) between the parameters. Fitting
was performed with a standard analysis package (Sigmaplot, Jandel Scientific) using a
Marquardt-Levenberg algorithm. See, for example, Ref. 10.]
Discussion
The relevance of our experimental results to spacecraft charging calculations depends on the
applicability of the laboratory conditions to those of an operating spacecraft; specifically,
conditions of pressure, contamination (both species and rate), incident electron energies, and
incident electron current densities are considered. We find that (i) the laboratory vacuums
employed in our investigation are representative of the low-Earth orbital environment; (ii)
laboratory contamination due to outgasing PTFE insulation is representative of the
contaminating species found in an operating spacecraft's microenvironment (i.e., the region of
space extending from its surface to several tens of meters beyond the vehicle); (iii) laboratory
deposition rates of ~1 nm per day are comparable to deposition rates which have been observed
aboard actual space vehicles (discussed below); and (iv) energies of 1-3 keV are common among
precipitating auroral electron populations12 (several investigations1,2,14 have in fact linked severe
spacecraft charging events with precipitating electrons of energies < ~4 keV). Regarding
incident electron current densities, however, we find that the current densities employed in our
investigation (~10-3 A·cm–2) are much larger than any known natural source currents in the nearEarth environment [where spectral analyses of precipitating auroral electrons12 have thus far
revealed a maximum integral number flux of ~108 el·cm–2 s–1 sr–1, equivalent to a maximum
current density of ~10–10 A·cm–2 (for a surface exposure of 2π sr)].
Thus the comparisons between laboratory and space conditions are favorable for all relevant
parameters save oneelectron current density. As a result, we do not expect the SEE evolution
due to ESD and ESA observed at 10–3 A·cm–2 in our laboratory to occur at the substantially
reduced current densities encountered aboard orbiting spacecraft.
Van Oostrom9 has
demonstrated that no significant ESD of aluminum oxide will occur for total accumulated charge
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dosages of < 10 C·cm–2, and Hillier8 has found the ESA rate of carbon to be roughly
proportional to the beam intensity for a given energy. The carbon deposition rate also depends,
presumably, upon contaminant levels and species in ways which are not yet well understood.
Given these data and assuming comparable contaminant levels and a continuous, maximum
current density bombardment of 10-10 A·cm–2 (where actual spacecraft are subject to auroral
electron bombardment for only a tiny fraction of each orbit, if at all), we estimated ≥103 years
would be required for precipitating electrons to effect significant SEE evolution of a spacecraft
surface through the ESD or ESA mechanisms observed in our experiments.
But while ESD and ESA are not likely to effect significant surface modifications aboard
space vehicles, other mechanisms do exist which produce similar surface modifications, and with
similar concomitant changes in SE yields. Precisely how the surface is modified is not essential;
it is the modification itself which is important in determining the SEE evolution of a surface.
Results from the LDEF spacecraft in particular have demonstrated that surface modification in
the form of the removal and deposition of contaminants does occur on time scales commensurate
with a spacecraft's operational lifetime,15 and at rates comparable to (and even much greater
than) those observed in our investigation.16 Crutcher et.al.16 report surfaces aboard LDEF with
no detectable contamination after 69 months in space, as well as surfaces with contaminant films
hundreds of microns thick, translating to deposition rates of up to hundreds of nanometers per
day (as compared to ~ 1 nm per day in our investigation). Photodissociation of contaminants
under vacuum UV bombardment, ion-induced desorption, and attack by atomic oxygen are all
ubiquitous mechanisms which remove material, while deposition may result from preferential
adsorption of contaminant gases on cooler surfaces, the collection of ionized contaminants on
negatively charged surfaces, or atomic oxygen-induced oxidation.
From a spacecraft charging (and SEE) viewpoint, the result of such surface modifications is
the same, regardless of the mechanisms involved in producing the modification. In the case of
oxidized aluminum, the overall result, based on our measurements, is a significant reduction of
the SE yield over time. Since the most troublesome spacecraft potentials are negative, the
reduction of a surface's SE yield translates to increased spacecraft-to-plasma charging levels for
a given set of environmental conditions. On the other hand, it is interesting to note that carbon
deposition occurring over relatively large portions of a spacecraft's surface, encompassing a
checkerboard of different materials, may produce, over time, a vehicle whose surfaces are more
or less uniform with respect to their SEE characteristics. Such an occurrence may actually
reduce the likelihood of significant differential charging between some components.
Conclusions
Based on our laboratory measurements and the above analysis, it is reasonable to conclude
that interactions between operating space vehicles and the space environment can produce
surfaces with significantly and even drastically altered SEE characteristics over timescales much
less than spacecraft lifetimes. Further, it is important to emphasize that these changes are
occuring as a result of the deposition and removal of surface films on the order of only 1 nm
i.e., tens of atomsthick. While the ESD and ESA observed in our laboratory are not likely to
be the prime mechanisms for the surface modifications which occur on spacecraft surfaces, other
mechanisms produce, at comparable rates, surface modifications similar to those observed in this
investigation; it is reasonable to assume that the resulting effects on secondary electron yields
will be comparable. Of concern to spacecraft designers and controllers should be the fact that
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these changes in SE yields lead to significant changes in a spacecraft's equilibrium potential in a
given charging environment. The results of this investigation have clearly demonstrated the need
for a systematic, quantitative study of the dynamic evolution of the SEE characteristics of
spacecraft surfaces due to space environment effects. Specifically, such study is necessary if
present charging codes are to accurately assess the electric potentials to which spacecraft may be
subject over their entire operational lifetimes.
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Table I. Values for parameters in Eq. (1) for fit of data in Fig. 1.
Parameter
Value
Error
0.370
0.6%
δAl
0.250
0.7%
δC
0.150
3%
Α
0.06
5%
Β
78 seconds
6%
1/α
19.6 minutes
1%
1/β
7.7
hours
6%
1/γ
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Fig. 1 Secondary yield vs. time for 2.0 keV electrons continuously incident on contaminated
aluminum surface: (a) the entire 31-hour trial, (b) the first four hours of the trial, and (c) the first
twelve minutes of the trial.
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